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Abstract – Cattle persistently infected (PI) with bovine viral diarrhea virus (BVDV), a pestivirus in the
family Flaviviridae, are an important source of viral transmission to susceptible hosts. Persistent BVDV
infections have been identiﬁed in white-tailed deer (Odocoileus virginianus), the most abundant free-
ranging ruminant in North America. As PI deer shed BVDV similarly to PI cattle, maintenance of BVDV
within white-tailed deer populations may be possible. To date, intraspeciﬁc transmission of BVDVin white-
tailed deer has not been evaluated, which prompted this study. Six pregnant white-tailed deer were captured
in the ﬁrst trimester of pregnancy and cohabitated with a PI white-tailed deer. Cohabitation with the PI deer
resulted in BVDVinfection in all does, as indicated by seroconversion. All does gave birth to live fawns and
no reproductive losses were observed. At birth, evidence of BVDV infection was identiﬁed in two singlet
fawns, of which one was determined to be PI by repeated serum reverse transcription nested PCR, whole
blood virus isolation and immunohistochemistry. This study demonstrates for the ﬁrst time that BVDV
transmission may occur among white-tailed deer. The birth of a PI fawn through contact to a PI white-tailed
deer indicates that under appropriate circumstances, BVDV may be maintained in white-tailed deer by
congenital infection.
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1. INTRODUCTION
Bovine viral diarrhea virus (BVDV), a pesti-
virus in the family Flaviviridae, employs differ-
ent strategies to ensure survival and successful
propagation in the mammalian host population.
These strategies include the modiﬁcation of the
host’s immune response, multiple direct and
indirect routes of transmission, and establish-
ment of persistently infected (PI) carrier animals
following transplacental infections in the ﬁrst
trimester of pregnancy [30, 31]. Persistently
infected cattle generally shed BVDV through-
out their life and at much greater levels than
acutely infected animals, resulting in a larger
coefﬁcient of infectiousness [31]. In addition,
BVDV may efﬁciently cross species barriers
and infect various mammalian hosts in the order
Artiodactyla, which may be important in the
pathogen’s survival strategy [36].
The mammalian order Artiodactyla con-
sists of 10 families, and evidence of infection
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Antilocapridae, Bovidae, Camelidae, Cervidae,
Girafﬁdae, Suidae, and Tragulidae, including
over 50 species [13, 21, 34]. Epidemiologically
intriguing, persistent BVDV infections have
been described in different species other than
cattle, including domestic small ruminants,
swine, alpacas, eland (Taurotragus oryx), lesser
Malayan mouse-deer (Tragulus javanicus), and
white-tailed deer (Odocoileus virginianus)
[1, 5, 13, 18, 23]. However, little knowledge
exists regarding the role of PI heterologous spe-
cies in the epidemiology of BVDV. The virus
was transmitted horizontally to two calves and
vertically within a maternal line by PI lesser
Malayan mouse-deer, demonstrating transmis-
sion of BVDV among heterologous PI hosts
[32]. High seroprevalence rates were reported
in Zimbabwean eland populations, in which a
PIelandwasfound,suggestingendemicviralcir-
culation [1]. In a PI white-tailed deer, levels of
BVDV shedding from the nasal passages were
similar to those found in PI cattle, suggesting
that, given sufﬁcient contact to susceptible ani-
mals,BVDVmaybeefﬁcientlytransmitted[23].
In North America, white-tailed deer are the
most abundant free-ranging ruminant and home
ranges extend from southern Canada to northern
South America [3]. In this species, infections
with BVDV following experimental and natural
infections have been described [6, 23]. Bovine
viral diarrhea infections in white-tailed deer
have resulted in subclinical signs, pyrexia, lym-
phopenia, and reproductive disease [26, 27, 33].
Reproductive disease following experimental
BVDV infections included abortion, embryonic
resorption, fetal mummiﬁcation, and stillbirth
[23, 27]. In contrast, all white-tailed deer in a
recent study carried their pregnancies to term
after infection with BVDV by cohabitation with
PI cattle in the ﬁrsttrimesterofgestation [24]. In
that study, 4 of 7 pregnancies resulted in BVDV
positive offspring, of which 3 were PI with
BVDV indicating efﬁcient interspeciﬁc trans-
mission [24].
UnderstandingtheecologyofBVDV,includ-
ing host range and potential for transmission
among different species, is vital to control pro-
grams in domestic and wild animal populations.
In a North American pastoral environment,
frequent contact of cattle and white-tailed deer
is likely; however the risk of white-tailed deer
to be a reservoir for BVDV also depends on
maintenance of BVDV within deer populations.
To date, knowledge about BVDV maintenance
in white-tailed deer does not exist, prompting
the present study, in which pregnant white-tailed
deer were cohabitated with a PI fawn.
2. MATERIALS AND METHODS
2.1. Animals
The research described herein was performed
under the approval of the Institutional Animal
Care and Use Committee of Auburn University
(2008–1340). Between 7th March and 11th April
2008, six female white-tailed deer were captured
by cannon-net or dart-gun similarly to previously
described methods [15, 28]. For sedation after cap-
ture by cannon-net, 120 mg of xylazine HCL
(AnaSed
, Lloyd Laboratories, Shenandoah, IA,
USA) and 150 mg of tiletamine HCl/zolazepam
HCl (Telazol, Ford Dodge Animal Health, Fort
Dodge, IA, USA) were administered intramuscularly.
Alternatively, 200 mg of xylazine HCl and 250 mg
of tiletamine HCl/zolazepam HCl were administered
by dart gun. Under sedation, blood and skin samples
were collected to determine the deer to be free from
BVDV or BVDV antibodies by serum and whole
blood virus isolation, RT-nPCR, immunohistochem-
istry, and virus neutralization. Pregnancy examina-
tions were performed by transrectal and/or
transabdominal ultrasound. When possible, placen-
tome or vesicle sizes, and/or fetal crown-to-rump
lengths were recorded to assist in estimating fetal
ages at exposure. The deer were transported to a
2.0 ha deer pen at the Captive Deer Research Facility
at Auburn University in which two additional white-
tailed deer were housed. Of these two deer, one was
PI with a BVDV 1b strain (designated AU526) as
result of the cohabitation of its dam with two PI cattle
[24]. At the beginning of cohabitation, the PI deer
was approximately 6.5 months old. Beginning in July
2008, the deer pen was searched for fawns daily.
When a fawn was found, it was evaluated and whole
blood, serum, skin biopsy (ear notch) and nasal swab
samples were collected for virus isolation, RT-nPCR,
ELISA, IHC, and virus neutralization. Fawns
remained with their dams until all deer had given
birth. When a fawn was positive for BVDV at initial
testing or appeared unthrifty, further samples
were collected approximately 3 weeks after birth.
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and fawns that were negative for BVDV were eutha-
nized. At euthanasia, blood samples were collected
for virus isolation and virus neutralization proce-
dures. When a fawn was found dead, additional
blood and tissue samples were collected for virus
isolation and IHC.
2.2. Maternity testing
A skin biopsy sample was collected from all adult
and neonatal deer and stored at  80 C until testing
was performed as previously described [2, 8]. Brieﬂy,
DNA was isolated using a commercial kit (Qiagen
DNeasy, Qiagen Genomics Inc., Bothell, Washington,
U S A )a n dP C Rw a su s e dt oa m p l i f y1 3m i c r o s a t e l l i t e
DNA loci from a panel optimized for use in white-
tailed deer (BL25, BM6438, BM848, O, BM4208,
BM6506, D, P, Cervid1, ILSTS011, INRA011,
N, Q). The PCR products were loaded on an ABI
3130 automated DNA sequencer (Applied Biosys-
tems, Foster City, CA, USA) and multilocus geno-
types were constructed for all individuals using
GENEMAPPER software (Applied Biosystems).
Maternitywasassignedforallfawnsusingalikelihood
ratio method in the computer program CERVUS 3.0
1.
2.3. Virus isolation
From the adult deer, serum and whole blood sam-
ples obtained at the time of capture and euthanasia
were tested by virus isolation. From fawns, virus iso-
lations were performed on whole blood and nasal
swab samples at birth; serum and whole blood sam-
ples at retesting; and serum and whole blood samples
at euthanasia, as well as tissues (lymph nodes, spleen,
thymus) collected at postmortem examination. Sam-
ples were assayed for BVDV by passage through
MDBK cells, as has been described previously [12].
2.4. Skin biopsy immunohistochemistry
Immunohistochemical detection of BVDVantigen
was performed on formalin-ﬁxed parafﬁn-embedded
skin biopsies collected at birth and retesting using
the monoclonal antibody, 3.12F1. The 3.12F1 mono-
clonal antibody reacts with an epitope of the E
RNS of
BVDV that is shared by diverse BVDV isolates and
therefore is a suitable target for the detection of a wide
varietyofisolatesofBVDV.TheIHCstaindistribution
i na n i m a l sP Iw i t hB V D Vi sr e p r e s e n t e db yd i f f u s e
staining in the epidermis and hair follicle epithelium;
stain may also be present in the dermis and adnexal
structuressurroundinghairfollicles[4].Antigendistri-
bution in white-tailed deer, PI with BVDV is analo-
gous to that detected in PI cattle [9, 23].
2.5. Antigen capture ELISA
The BVDVantigen detection in skin biopsy sam-
ples was performed using a commercially available
kit (IDEXX Laboratories, Westbrook, ME 04092,
USA) developed for BVDV detection in bovine sam-
ples, according to the manufacturer’s instructions.
Presence or absence of BVDV within samples and
classiﬁcation as negative, suspect, or positive sample
was established by using sample to positive (S/P)
ratios of < 0.20, 0.20–0.39, or > 0.39, respectively.
2.6. Virus neutralization
A standard virus neutralization microtiter assay
was used for the detection and quantiﬁcation of anti-
bodies in serum of adult deer at capture and euthana-
sia, and from fawns at birth, retesting, and euthanasia.
Sera were tested for neutralizing antibodies as previ-
ously described [12]. The test isolate used in the
serum neutralization assay was BVDVAU526 which
had been isolated from the PI fawn that exposed the
pregnant does. The antibody titer was deﬁned as the
inverse of the highest dilution with complete inhibi-
tion of staining by the immunoperoxidase test.
2.7. Reverse transcriptase polymerase chain
reaction and sequencing
Viral RNA was detected by a two-round rapid-
cycle PCR assay on whole blood samples, serum,
and tissues from fawns;and serum samples from adult
deer at capture and euthanasia. This RT-nPCR is char-
acterized by increased sensitivity as compared to con-
ventional RT-PCR and has been previously described
in detail [11]. Brieﬂy,RNAwas isolated from samples
using the QIAamp
 viral RNA mini kit (Qiagen,
Valencia, CA, USA) according to the manufacturer’s
instructions.AllstepsoftheRT-nPCRwereperformed
in a single-tube reaction. In the ﬁrst round, the outer
primers, BVD 100 (50-GGCTAGCCATGCCCTT
AG-30)a n dH C V3 6 8( 5 0-CCATGTGCCATGTAC
AG-30) ampliﬁed a 290 base pair sequence of the
50 untranslated region of the viral genome. In the
second round of the reaction, the inner primers
BVD 180 (50-CCTGAGTACAGGGDAGTCGTCA-30)
and HCV 368 ampliﬁed a 213 base pair sequence
1 www.ﬁeldgenetics.com
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PCR cycle, 5 lL of the RT-nPCR products were sep-
arated by 1.5% agarose gel electrophoresis. Ethidium
bromide staining allowed visualization of the
RT-nPCR using an ultraviolet transilluminator. On
RT-nPCR positive samples, sequence analysis was
performed on aliquots of the RT-nPCR products
carried out in triplicate.
If positive for BVDVon agar gel electrophoresis,
samples were puriﬁed using the QIAquick
 PCR
puriﬁcation kit (Qiagen) according to the manufac-
turer’s speciﬁcations and sequenced by automated
dye terminator nucleotide sequencing using both
the 50 and 30 primers (BVD 180 and HCV 368,
respectively). Consensus sequences were determined
for each sample using Align X
 computer software
(Vector NTI Suite 7.1, InforMax, Inc., Bethesda,
MD, USA) and compared to nucleotide sequences
of BVDV AU526.
3. RESULTS
In June, 2008, the PI deer used for exposure
died at approximately 10 months of age and
BVDV antigen was detected by IHC in skin
sample biopsies. A total of 10 fawns (2 singlets
and 8 twins) were born to the 6 does, which is
in agreement with previously reported rates
of reproductive success in white-tailed deer
[22, 35]. All fawns were born between 4th July
and 16th August 2008, which corroborated the
estimated days of birth based on initial ultra-
sound examinations of the captured does. All
twin fawns were adequate in weight and
appearance; however, both singlet fawns were
below the normal weight reported for white-
tailed deer fawns in Alabama [14].
At initial testing, evidence of BVDV infec-
tion was detected in two fawns, one a singlet
(fawn No. 21) and the other a twin (No. 19)
(Tab. I). Serum from both fawns was positive
by RT-nPCR assay and BVDV was isolated
from the buffy coat of the singlet (No. 21).
While all fawns were negative on nasal swab
virus isolation and ELISA, the singlet fawn
was also positive on skin sample IHC. An addi-
tional singlet fawn (No. 22) appeared small at
birth andhadanill-thrifty appearance.Fromthis
fawn and the two fawns positive for BVDV at
birth (Nos. 19 and 21), additional samples were
collected to assess their status as PI. These sam-
ples mirrored the initial results as the RT-nPCR
was positive in 2 fawns, the virus isolation from
the buffy coat was positive in 1 fawn (No. 21),
and the ill-thrifty fawn (No. 22) was negative
for BVDV. Both singlet fawns (Nos. 21 and
22)diedwithin1monthofbirth,andfurtherevi-
dence ofBVDVinfection was identiﬁedin fawn
No. 21 as indicated by IHC. According to the
repeated isolation of BVDV and positive IHC
results, fawn No. 21 was determined to be PI
with BVDV. However, as virus was not isolated
from the RT-nPCR positive fawn (No. 19), its
status of infection was considered uncertain.
Therefore, additional samples were collected
from fawn No. 19 at approximately 5 months
of age, which resulted in negative results using
virus isolation and RT-nPCR procedures.
Based on pregnancy ultrasound examina-
tions and day of birth, ﬁrst exposure of the
doe that gave birth to the PI fawn (No. 21)
was at approximately 41 days of gestation.
For all does that did not give birth to PI off-
spring, ﬁrst cohabitation with the PI deer
occurred from day 63 or later. Virus was not
detected in adult deer at capture or euthanasia
or the remaining fawns at euthanasia. Cohabita-
tion of the pregnant does with the PI deer
resulted in seroconversion in all adult deer with
antibody titers from 1:128 to 1:512 at euthana-
sia; approximately 6–8 months after the PI deer
had died (Tab. II). The greatest antibody titers
were detected in the dams of the two singlet
fawns, of which one was determined to be PI.
4. DISCUSSION
This study demonstrates fortheﬁrsttimethat
BVDV may be transmitted among white-tailed
deer and result in the birth of PI offspring.
Despite evidence of persistent infection in only
onefawn(No.21),seroconversioninallexposed
does indicates that efﬁcient transmission of
BVDVoccurred as a result of exposure to a PI
deer during pregnancy. Furthermore, the study
emphasizes that, despite low survival in PI
white-tailed deer and substantially reduced life
expectancy, a fawn from a previous year may
survive long enough to be present during the
early gestational period of the following year.
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white-tailed deer populations would depend on
thepresenceofBVDVshedders, suchasPI deer
during the critical gestational period. According
to the rose-petal hypothesis, female offspring
establish home ranges that tend to overlap that
of their mother [25]. As successive generations
offemale offspring are born, the spatialdistribu-
tion of a group of related individuals will con-
tinue to expand like the petals of a rose. These
cohesive social groups consisting of related
females may be particularly susceptible to
BVDV infection once exposed. Female white-
tailed deer typically exhibit very low rates
(< 5%) of dispersal [10], suggesting that female
PI offspring have strong potential to transmit
BVDV to related pregnant females within their
home range. Within these matrilineal groups,
there is frequent close contact among deer, as
wasemulatedinthisstudy,andBVDVtransmis-
sion may be similarly efﬁcient. Intramatrilineal
BVDV maintenance in white-tailed deer may
be comparable to the transmission and mainte-
nance of BVDVin domesticated alpacas, where
Table I. Results of virological assays on fawns.
Fawn ID 13 14 15 16 17 18 19 20 21 22
Birth Serum VN 4096 4096 2048 4096 2048 8192 2048 4096 16384 4096
nPCR –      +   +  
Nasal swab VI             
Buffy coat VI          +  
Skin IHC          +  
ELISA             
Re-test Serum VN 512 4096 1024
VI     
nPCR + +  
Buffy coat VI   +  
Skin IHC   +  
Euthanasia Serum VN 32 256 1024 2048 256 2048 1024 512
VI         
nPCR         
Buffy coat VI         
Tissues VI         
Table II. Results of virological assays on does.
ID of doe BVDV
serotiter at
capture
BVDV
serotiter at
re-test
Gestational
age at
exposure
a
ID of
offspring
Status of
offspring
b
31 < 4 512 41 days 21 Persistently infected
32 < 4 NA 66 days 18 and 19 Seropositive, 19 RT-nPCR
positive at birth
33 < 4 128 75 days 17 and 20 Seropositive
34 < 4 512 63 days 22 Seropositive
35 < 4 128 104 days 13 and 14 Seropositive
36 < 4 128 114 days 15 and 16 Seropositive
a Calculation based on 200 days gestation and day of ﬁrst contact with PI deer (day of capture).
b Status of passive transfer unknown at time of sample collection.
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quent breeding period, therefore efﬁciently
infectingothersusceptiblefemales[17].Theefﬁ-
ciency of transfer among matrilineal groups will
ultimately be a function of the BVDV immune
status of the population, the social organization
and genetic relatedness within the population,
and the management of the population by har-
vest. Deer populations that are subjected to high
rates of antlerless harvest may exhibit reduced
spatial and genetic structuring [7], which could
reduce the potential for maintenance of BVDV
within a population. In contrast to females, most
male white-tailed deer disperse between 12 and
18 months of age. Dispersal distances are nor-
m a l l yb e t w e e n5a n d1 0k m ,b u tc a nb ea sg r e a t
as 40 km [19, 20]. This high rate of dispersal
suggests that male PI fawns that survive to dis-
persal age have greater potential to transmit
BVDV to unrelated groups of deer across a
greatergeographicalareathanfemales;however,
orphanedmalefawnsexhibitmuchlowerratesof
dispersal than their unorphaned counterparts
[16]. Theoretically, an increase in the number
of orphaned fawns by antlerless harvest would
reduce theprobabilityof amale PI fawndispers-
ing to a new area.
Results of this and other studies demonstrate
the potential for maintenance of BVDV in
white-tailed deer populations as indicated by
viral shedding from PI deer, which is similar
to cattle [23], and transmission among white-
tailed deer. However, there likely are regional
variations in the extent of BVDV maintenance
that depend on population density and its inﬂu-
ence on contact rates among deer. Increasing
population densities result in greater chances
for contact among deer and therefore increased
transmission potential. Supplemental winter
feeding may be an important factor in mainte-
nance of BVDVin white-tailed deer, as this arti-
ﬁcial commingling of deer occurs at a time
when fetuses may be susceptible to BVDV
and become PI. Any deer management practices
that increase deer densities or rates of contact
among deer have the potential to increase the
potential for maintenance of BVDV within a
population, as has been described for mainte-
nanceofbovine tuberculosisinwhite-taileddeer
populations [29].
To date, information on the susceptible ges-
tational age for persistent infections in white-
tailed deer is unknown. According to the
estimated gestational age based on ultrasound
examination and the date of birth of the PI fawn
(No. 21), transplacental infection occurred at 41
days of gestation based upon a gestational
length of 200 days for white-tailed deer in
Alabama. This is corroborated by previous
studies, where PI fawns were born to white-
tailed deer intranasally inoculated on days 43
or 42–49, respectively [23, 27]. Based on the
shorter gestation length in white-tailed deer as
compared to cattle, a gestational age below 67
days was suspected to be the most susceptible
time at which white-tailed deer fetuses may
become PI [27]. Further research is necessary
to substantiate these extrapolations, as the criti-
cal gestational age is important epidemiological
information that likely inﬂuences BVDV main-
tenance in white-tailed deer.
In a recent study, experimental inoculation of
pregnant white-tailed deer with a strain of
BVDV isolated from white-tailed deer resulted
in severe reproductive disease [27]. In contrast,
all does in this study maintained pregnancies
and gave birth to live fawns. Similar observa-
tions were made in another study, where only
1 of 7 pregnancies resulted in birth of stillborn
fawns, and live fawns were born to the
remaining 6 does after cohabitation with PI
cattle during the ﬁrst trimester of pregnancy
[24]. Differences in these ﬁndings may be due
to viral isolates, as BVDV strains of bovine
rather than cervine origin were used in studies
by this group. Furthermore, in the study by
Ridpath et al. [27], the intranasal route of infec-
tion was used which likely resulted in viralchal-
lenge dynamics much different from exposures
to PI deer, as was used in the present study.
The ﬁndings of this study add to a body of
knowledge that indicates that white-tailed
deer have the potential to become a reservoir
for BVDV. However, most of the current
knowledge on BVDV in white-tailed deer is
from experimental research rather than observa-
tions in free-ranging populations. Regional vari-
ations in deer management and varying
population dynamics emphasize the need for
further systematic evaluation of BVDV in deer.
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ulations may have a negative impact on health
and welfare, but should also be considered
where BVDV control programs are planned.
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